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A b s o l u t e  p r o d u c t i o n  ra tes  o f  ~e~ and N e  2 1  
i n  L - c h o n d r i t e s  have  been  d e t e r m i n e d  f rom a  l e a s t - s q u a r e s  f i t  
o f  nob le -gas  t o  ~1~~ d a t a ,  f o r  m e t e o r i t e s  o f  r a d i a t i o n  a g e  < 2  Myr. 
i n  wh ich  ~1~~ h a s  n o t  been b u i l t  u p  t o  s a t u r a t i o n  .. . l e v e l s .  
The v a l u e s  o b t a i n e d ,  2 .4810 .23  and 0 .466k0 .031  ccSTP g-l ivlyr-', 
3 
a r e  24% h i g h e r  t h a n  c o n v e n t i o n a l  v a l u e s ,  based  on  H measure-  
men t s .  A p p a r e n t l y  a l l  p u b l i s h e d  r a d i a t i o n  a g e s  o f  s t o n y  
m e t e o r i t e s  ba sed  on c o n v e n t i o n a l  p r o d u c t i o n  r a t e s  a r e  t o o  h i g h  
by 24%. 
INTRODUCTION 
R a d i a t i o n  a g e s  o f  m e t e o r i t e s  a r e  based  on measurement  
o f  a  r a d i o a c t i v e  and a  s t a b l e  cosmogenic  n u c l i d e .  The r a d i o -  
a c t i v e  n u c l i d e  measu re s  t h e  e f f e c t i v e  cosmic - r ay  f l u x  i n  t h e  
m e t e o r i t e ,  w h i l e  t h e  s t a b l e  n u c l i d e  i n t e g r a t e s  t h i s  f l u x  o v e r  
t i m e .  I f  S is t h e  c o n c e n t r a t i o n  o f  t h e  s t a b l e  n u c l i d e ,  i n  
1' 
a toms /g ,  and  A. is t h e  s a t u r a t i o n  a c t i v i t y  o f  t h e  r a d i o a c t i v e  
-1 -1 
n u c l i d e ,  i n  d i s i n t e g r a t i o n s  sec g  , t h e n  t h e  r a d i a t i o n  a g e  
t e q u a l s  : 
- 
where  P a n d  P a r e  t h e  production r a t e s  o f  t h e  radioactive 
r S 
-1 -1 
and s t a b l e  s p e c i e s ,  i n  atoms sec g (Anders, 1963), 
-2 - 
U n f o r t u n a t e l y ,  Pr and Ps are  hard t o  e v a l u a t e .  They 
i n v o l v e  t h e  cosmic  r a y  f l u x  as a f u n c t i o n  o f  t i m e  and e n e r g y  
and t h e  p r o d u c t i o n  c r o s s  s e c t i o n s  a s  a. f u n c t i o n  o f  e n e r g y  f o r  
a l l  n u c l e a r  r e a c t i o n s  l e a d i n g  t o  t h e  two n u c l i d e s  i n  q u e s t i o n .  
Much o f  t h i s  i n f o r m a t i o n  is n o t  known. 
I n  o r d e r  t o  c i r c u m v e n t  t h i s  d i f f i c u l t y ,  o n e  u s u a l l y  
c h o o s e s  p a i r s  o f  n u c l i d e s  t h a t  a r e  i s o b a r i c  o r  a t  l e a s t  f a i r l y  
3 3 22  22 
c l o s e  i n  mass number:  H e  -H , N e  -Na , ~ e ~ l - ~ l ~ ~ ,  ~ r ~ ~ - ~ 1 ~ ~ ,  
and  One c a n  t h e n  assume,  w i t h  some 
j u s t i f i c a t i o n ,  t h a t  t h e  c r o s s  s e c t i o n s  o f  b o t h  n u c l i d e s  h a v e  
t h e  same e n e r g y  dependence  f o r  a l l  r e l e v a n t  t a r g e t  n u c l i d e s .  
Pr'Ps t h e n  s i m p l i f i e s  t o  t h e  r a t i o  o f  two a v e r a g e d  c r o s s  s e c t i o n s ,  
wh ich  may be d e t e r m i n e d  i n  t h e  l a b o r a t o r y  f o r  a  s u i t a b l e  t a r g e t  
e l e m e n t  and  bombarding e n e r g y .  
I n  p r a c t i c e ,  even  f u r t h e r  s i m p l i f i c a t i o n s  a r e  made. 
Measurements  o f  r a d i o a c t i v e  n u c l i d e s  a r e  o f t e n  u n a v a i l a b l e ,  
and i t  h a s  t h e r e f o r e  become c u s t o m a r y  t o  assume c o n s t a n t  cosmic -  
r a y  f l u x e s  f o r  a l l  m e t e o r i t e s ,  and  t o  c a l c u l a t e  r a d i a t i o n  a g e s  
from s t a b l e  n u c l i d e s  a l o n e ,  u s i n g  f i x e d  p r o d u c t  i o n  r a t e s .  For  
c h o n d r i t e s  a t  l e a s t ,  t h i s  is n o t  a  bad a s s u m p t i o n ,  b e c a u s e  
26 t h e i r  H~ and A 1  c o n t e n t s  a r e  c o n s t a n t  t o  215% i n  t h e  m a j o r i t y  
o f  c a s e s  (Begemann e t  a l . ,  1959 ;  G e i s s  e l  a l . ,  1960 :  Goebel  and 
-- -- 
S c h m i d l i n ,  1 9 6 0 ;  B a i n b r i d g e  e t  a l . ,  1 9 6 2 ;  Begemann, 1 9 6 6 ;  
-- 
Heymann and Ande r s ,  1 9 6 7 ;  Fuse and Ande r s ,  1 9 6 9 ) .  
The ages derived by different methods are reasonably 
consistent with each  other, and t h u s  t h e r e  is no  reason to 
s u s p e c t  a  g r o s s  e r r o r  i n  the above a s s u m p t i o n s ,  N o n e t h e l e s s ,  
i t  is perhaps a l i t t l e  d isconcer t ing  t o  r e a l i z e  t h a t  the  r ad ia -  
t i o n  age scale  fo r  stony meteor i tes  r e s t s  almost e n t i r e l y  on  
3  
e i g h t  H measurements i n  chondri tes  (see Mirsten -- e t  a l , ,  1963, 
3  3  
for  re ferences)  and an H /He production r a t i o  of  0 .5 observed 
i n  the  proton bombardment of i ron  (Schaeffer and  ahr ringer, 
1958). From these  d a t a ,  an average ~ e ~  production r a t e  of  
2.00X l o w 8  ccSTP g-' M y r - l  has been derived for  ordinary chon- 
d r i t e s  (Kirs ten -- e t  a l . ,  1963). Nearly a l l  o the r  d a t i n g  methods f o r  
s tones  a re  d i r e c t l y  o r  i n d i r e c t l y  t i e d  t o  t h i s  r a t e .  For example, 
t h e  ~ e ~ ~  production r a t e  i n  L-chondrites (0.377 ccSTP g-' Myr-'; 
Heymann -- e t  a l . ,  1968; Cobb, 1965, quoted by Heymann, 1967) has 
been derived from the  above value by way of the  observed average 
3  He / ~ e ~ l  r a t i o  of  5 .3  (Heymann, 1967). 
Kruger and Heymann (1968) have pointed o u t ,  however, 
3  3 t h a t  the  H / H e  production r a t i o  depends on t h e  neutron-to-proton 
r a t i o  of the  t a r g e t  element. Using measured values for  Mg, S i ,  
3  3  
and Fe, and an in te rpo la ted  value f o r  0,  they est imate a  H /He 
production r a t i o  of  0.63 for  hypersthene chondr i tes .  T h i s  
3  
corresponds t o  a  He production r a t e  of 2 . 6 ~  l o m 8  ccSTP g-l PJyrml, 
30% higher than the  conventional value.  
CALCULATION O F  ABSOLUTE PRODUCTION RATES 
In view of  these  u n c e r t a i n t i e s ,  we have attempted t o  
21 es t imate  absolu te  ~ e ~  and Ne production r a t e s  without recourse 
t o  nuclear c ross  s e c t i o n s .  Ins tead ,  we have used a  cosmogenic 
26 
radionucl ide ,  A l  , a s  a n  ind ica to r  of  absolu te  age.  The A l  26 
a c t i v i t y  o f  a meteorite, A ,  is r e l a t e d  t o  t h e  s a t u r a t i o n  value 
a f t e r  an  i n f i n i t e l y  l o n g  bornbarclment, Ao, by the e q u a t i o n  o f  
r a d i o a c t i v e  g rowth :  
A = Ao(l-e  - k t )  ( 2  > 
Here A is t h e  d e c a y  c o n s t a n t  o f  ~1~~ ( 0 . 9 4  ~ ~ r - l )  and t is t h e  
- 
r a d i a t i o n  a g e .  When A is a p p r e c i a b l y  less  t h a n  Ao, t h i s  
e q u a t i o n  c a n  be  u sed  t o  d e t e r m i n e  t ,  p r o v i d e d  t h a t  A. is known 
- 
(Ande r s ,  1 9 6 2 ) .  
A. v a l u e s  f o r  e a c h  c l a s s  c a n  be o b t a i n e d  e i t h e r  by 
a v e r a g i n g  o b s e r v e d  ~1~~ c o n t e n t s  i n  m e t e o r i t e s  o f  l o n g  r a d i a t i o n  
26  
a g e ,  o r  by u s i n g  t h e  e m p i r i c a l  A 1  p r o d u c t i o n  r a t e s  o f  Fuse  
and Anders  (1969) .  These  A. v a l u e s  r e p r e s e n t  a v e r a g e s  o v e r  
v a r i o u s  m e t e o r i t e  s i z e s  and s a m p l e  d e p t h s ,  and may t h u s  be 
i n a p p r o p r i a t e  f o r  s a m p l e s  from v e r y  s m a l l  o r  v e r y  l a r g e  m e t e o r i t e s .  
However, t h e  d i s t r i b u t i o n  o f  measured  v a l u e s  f o r  c h o n d r i t e s  
( F i g u r e  3 o f  Fuse  and Ande r s ,  1969)  shows t h a t  85% o f  a l l  
m e t e o r i t e s  f a l l  w i t h i n  *15% o f  Ao. 
The ~e~ o r  ~e~~ c o n t e n t  o f  t h e s e  m e t e o r i t e s  is l i k e w i s e  
p r o p o r t i o n a l  t o  a g e  : 
3 H e  = P3t  and 2 1 N e  = PZlt  
where  P3 and P21 a r e  t h e  r e s p e c t i v e  p r o d u c t i o n  r a t e s ,  i n  
ccSTP g-l ~ ~ r - ' .  T h e s e  p r o d u c t i o n  r a t e s  depend on  t h e  c h e m i c a l  
c o m p o s i t i o n  of  t h e  m e t e o r i t e .  I n  v iew o f  t h e  s c a r c i t y  o f  
26 
m e t e o r i t e s  w i t h  low A 1  c o n t e n t s ,  w e  s h a l l  f i n d  i t  e x p e d i e n t  
t o  p o o l  a l l  a v a i l a b l e  d a t a ,  no l .mal iz ing  a l l  p r o d u c t i o n  r a t e s  
t o  t h o s e  i n  L - c h o n d r i t e s :  
Were t h e  s u b s c r i p t  PI r e f e r s  do m e t e o r i t e s  o f  c l a s s  19, w h i l e  
f 3 , ~ ~  is a f a c t o r  c o m p e n s a t i n g  f o r  d i f f e r e n c e s  i n  c h e m i c a l  
c o m p o s i t i o n .  I t  c a n  be c a l c u l a t e d  from t h e  p r o d u c t i o n  r a t e  
r e l a t i o n s  g i v e n  by Mazor e t  a l .  (1970)  : 
--
/ [ 2 . 2 ~ ~ + 1 . 3 5 A l + S i + O .  29S+O. 17Ca+0.017 (Fe+Ni)  I L  
Chemica l  symbo l s  r e p r e s e n t  w e i g h t  p e r c e n t a g e s  o f  t h e  c o r r e s -  
p o n d i n g  e l e m e n t s  i n  t h e  m e t e o r i t e ,  The u s e  o f  p r o d u c t i o n  r a t e  
r e l a t i o n s  i n t r o d u c e s  some c i r c u l a r i t y  i n t o  o u r  a r g u m e n t ,  b u t  
t h i s  c i r c u l a r i t y  is d e f i n i t e l y  s e c o n d - o r d e r .  S i n c e  n e a r l y  a l l  
m e t e o r i t e s  t o  be  c o n s i d e r e d  a r e  c h o n d r i t e s  o f  e s s e n t i a l l y  
s i m i l a r  c o m p o s i t i o n ,  t h e  c h e m i c a l  f a c t o r s  a r e  c l o s e  t o  u n i t y .  
E r r o r s  i n  t h e  p r o d u c t i o n  r a t e  r e l a t i o n s  t h u s  w i l l  t e n d  t o  
c a n c e l .  
The p r i m a r y  c r i t e r i a  were  ~1~~ c o n t e n t  less  t h a n  85% 
o f  s a t u r a t i o n  v a l u e  ( i . e .  r a d i a t i o n  a g e  '2 .03  Myr and n o b l e -  
g a s  c o n t e n t s  c o r r e s p o n d i n g  t o  a  r a d i a t i o n  a g e  less t h a n  3 ~ y r ) .  
S e v e r a l  m e t e o r i t e s  ( P a n t a r ,  I s o u l a n e ,  S h y t a l ,  and N e w  Concord)  
met t h e  l a t t e r  c r i t e r i o n ,  b u t  n o t  t h e  f o r m e r ,  a s  shown by 
~1~~ measurements  o f  Fuse  and Anders ( 1 9 6 9 ) ,  and Herma11 and 
Anders  ( u n p u b l i s h e d  work ) .  We a l s o  e l i m i n a t e d  o b v i o u s  c a s e s  
3  
o f  d i f f u s i o n  l o s s e s  o f  H e  a s  shown by H e  3 / ~ e  C C 21 - 3  ( a l l  c a r -  
bonaceous c h o n d r i t e s ;  C u l l i s o n  and Menow), one  d i s c o r d a n t  c a s e  
26 i n  w h i c h  t h e  P4e2' age  w a s  much s h o r t e r  t h a n  t h e  Al a g e  
(Menow), a n d  t w o  cases of a two -s tage  irradiation ( I v u n a ,  
S e r r a  d e  ~ a g ; ;  F u s e  a n d  A n d e r s ,  L969), 
The  d a t a  a re  shown i n  F i g u r e s  1 a n d  2 ,  On t h e  w h o l e ,  
t h e y  f i t  a l i n e a r  t r e n d ,  t h e  l a r g e s t  e x c e p t i o n s  b e i n g  M a l o t a s ,  
26  
a n d  e s p e c i a l l y  Appley  B r i d g e .  The  A 1  m e a s u r e m e n t s  o n  b o t h  
meteorites were d o n e  w i t h  great  care ,  a n d  i t  would  t h e r e f o r e  
b e  d e s i r a b l e  t o  r e - c h e c k  t h e  n o b l e  g a s  d a t a .  F o r  t h e  t i m e  
b e i n g ,  w e  h a v e  f i t t e d  two  r e g r e s s i o n  l i n e s  t o  t h e  d a t a ;  o n e  
w i t h  a n d  o n e  w i t h o u t  Appley  B r i d g e .  The  d a t a  a r e  g i v e n  i n  
T a b l e  2 .  
D I  SCUSSION 
T h e  p r o d u c t i o n  r a t e s  f o u n d  f a l l  b e t w e e n  t h e  c o n v e n t i o n a l  
o n e s  o f  K i r s t e n  e t  a l .  ( 1 9 6 3 )  a n d  t h e  r e v i s e d  o n e s  o f  K r u g e r  
--
a n d  Heymann ( 1 9 6 8 ) .  W e  h a v e  somewhat  m o r e  f a i t h  i n  t h e  r a t e s  
c a l - c u l a t e d  w i t h o u t  Appley  B r i d g e .  They  e x c e e d  t h e  c o n v e n t i o n a l  
2 1 
~e~ a n d  N e  r a t e s  by t h e  same amount  : 2 4 ~ 9 %  and  24*7$. 
The  error l i m i t s  o f  o u r  p r o d u c t i o n  r a t e s  p r o b a b l y  a re  
r e a l i s t i c  e s t i m a t e s  o f  t h e i r  a c c u r a c y .  The  h a l f - l i f e  o f  A 1  2 6  
( 0 . 7 3 8 * 0 . 0 2 9  hlyr,  R i g h t m i r e  and Kohman, 1 9 5 8 )  c o n t r i b u t e s  a n  
e r ro r  o f  o n l y  4%. T h e  A. e s t i m a t e  is somewhat more  u n c e r t a i n ,  
o w i n g  t o  v a r i a t i o n s  i n  t h e  e f f e c t i v e  c o s m i c - r a y  f l u x .  But  s u c h  
26  3 2  1 
v a r i a t i o n s  a f f e c t  A 1  a n d  H e  , N e  t o  a b o u t  t h e  same  d e g r e e .  
Hence  t h e  e r r o r s  t e n d  t o  o f f s e t  e a c h  o t h e r ,  e s p e c i a l l y  i n  t h e  
r e g i o n  w h e r e  t h e  g r o w t h  c u r v e  is a p p r o x i m a t e l y  l i n e a r .  E l s e -  
w h e r e  t h e y  w i l l  c o n t r i b u t e  t o  t h e  o v e r a l l  s c a t t e r ,  w h i c h  is 
t a k e n  i n t o  a c c o u n t  i n  t h e  r e g r e s s i o n ,  
26 A l l o w i n g  for the uncertainty i n  the A l  h a l f - l i f e ,  w e  
-7 - 
obta in  the  following e r r o r  e s t ima tes :  
He 2 . 4 8  k 0 . 2 3  ccSTP g-' Myr -1 
IYe2' 0 .466k0.03  1 ccSTP g-l bIyr-' 
J u d g i n g  f rom t h e s e  p r o d u c t i o n  r a t e s ,  i t  would seem t h a t  
a l l  p u b l i s h e d  r a d i a t i o n  a g e s  o f  s t o n y  m e t e o r i t e s  b a s e d  o n  
c o n v e n t i o n a l  rates w i l l  h ave  t o  be  s h o r t e n e d  by a f a c t o r  o f  
0.81. F u t u r e  work may p e r m i t  s t i l l  more a c c u r a t e  d e t e r m i n a t i o n  
o f  a b s o l u t e  p r o d u c t  i o n  ra tes .  
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TABLE 1 Meteorites with low ~1~~ Contents 
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M i r s t e n ,  Krankowsky and   ahr ringer, 1963  
H i n t e n b e g e r  e t  a l .  , 1964 
--
Heymann , 1965  
Heymann and Ande r s ,  1967  
Heymann, Mazor and Ande r s ,  1968  
~ a h r i n ~ e r ,  1 9 6 8  
Fuse  and Ande r s ,  1969  
Mazor,  Heymann and Ande r s ,  1970  
Ganapathy , u n p u b l i s h e d  work 
Merman and  Anders  , u n p u b l i s h e d  work 
Herzog ,  u n p u b l i s h e d  work 
TABLE 2 
P r o d u c t i o n  Rates o f  FIe3 and ~e~~ i n  L C h o n d r i t e s  
R e f e r e n c e  
P r o d u c t i o n  Rate ,  ccSTP g-' ~ y r - '  
H e  3 N e  2 1  
K i r s t e n  e t  a l .  (1963)  
--
2 . 0 0  0 , 3 7 7 *  
Kruge r  and  Heymann (1968)  2 . 6 0  0 .491*  
T h i s  work ( w i t h o u t  Appley 2 .48k0 .20  0 .466k0 .024  
 ridge)? 
T h i s  work ( w i t h  Appley 
 ridge)? 
* C a l c u l a t e d  f rom ~e~ p r o d u c t i o n  r a t e  o n  t h e  b a s i s  o f  t h e  
3 
a v e r a g e  He / ~ e ~ l  r a t i o  i n  L c h o n d r i t e s ,  5 . 3 0 .  
t The e r r o r s  q u o t e d ,  wh ich  come d i r e c t l y  f rom t h e  r e g r e s s i o n  
a n a l y s i s ,  d o  n o t  i n c l u d e  t h e  u n c e r t a i n t y  i n  t h e  h a l f - l i f e  o f  
~1~~ ( s e e  t e x t ) .  
-$J -  
FIGURE C A m I O N S  
3 F i g u r e  1. H e  c o n t e n t s  o f  s t o n y  m e t e o r i t e s ,  a d j u s t e d  t o  
l e v e l  o f  L - c h o n d r i t e s  ( s e e  t e x t ) .  D o u b t f u l  v a l u e s  a r e  shown 
by open  symbo l s .  The r e g r e s s i o n  l i n e  and i ts e r r o r  l i m i t s  
are i n d i c a t e d  by s o l i d  and  dashed  l i n e s .  Symbols : AB = 
Appley B r i d g e ,  AK = Adhi K o t ,  LC = Ladder  C r e e k ,  Ma = M a l o t a s ,  
SM = S t .  Marks ,  Sh = Shaw, Sg = S h e r g o t t y ,  T i  = Timochin .  
F i g u r e  2 .  ~e~~ c o n t e n t s  o f  s t o n y  m e t e o r i t e s ,  a d j u s t e d  t o  
l e v e l  o f  L - c h o n d r i t e s  ( s e e  t e x t ) .  O t h e r  n o t a t i o n  a s  i n  
F i g u r e  1 w i t h  t h e  f o l l o w i n g  a d d i t i o n a l  symbo l s :  CB = 
Cold Bokkeve ld ,  Cu = C u l l i s o n ,  G r  = G r o s n a j a ,  M i  = M i g h e i ,  
No = Nogoya, Po = P o l l e n .  
~ l ~ ~ a g e  (Myr )  
F ig . [  

